Introduction {#sec1}
============

Hybrid nanostructures such as biofunctionalized nanoparticles have recently emerged as versatile and programmable nanomaterials for various applications. Functionalization of nanoparticles is usually achieved using the well-known thiol--gold chemistry^[@ref1]^ where functional probes are provided with a thiol group at one end. Functionalization with antibodies,^[@ref2]−[@ref4]^ peptides,^[@ref5]^ and aptamers^[@ref6]−[@ref8]^ allows metal nanoparticles to be used as biosensors. Also, the functionalization with single-stranded DNA has received considerable attention^[@ref9]−[@ref18]^ driven by anticipated applications in drug delivery,^[@ref19]^ gene regulation,^[@ref20]^ plasmon-induced PCR,^[@ref21]^ and aptamer-based sensing.^[@ref22],[@ref23]^ Moreover, ssDNA-functionalized nanoparticles offer a versatile platform to study multivalent interactions and crystal formation and allow for the straightforward tuning of affinity by modulating the number of strands and their complementarity.^[@ref24]−[@ref26]^

The functionality of the hybrid nanoparticles depends on the density of functional probes on the surface of the particle. Optimization of functionalization protocols has therefore received considerable attention with the aim to understand and optimize the coating density. In the case of ssDNA functionalization, dense coatings of thiolated ssDNA on gold nanoparticles were conventionally achieved using the so-called salt-aging method,^[@ref9]−[@ref15]^ in which the electrostatic repulsion due to the negative charges on the gold particles and the ssDNA is gradually reduced by stepwise addition of salt over 1 or 2 days. Later it was shown that this process can be accelerated by orders of magnitude by reducing the pH of the employed buffer.^[@ref16]−[@ref18],[@ref27],[@ref28]^

Since then, several studies addressed the functionalization of gold nanoparticles with ssDNA. These studies have yielded insight into the effects of salt concentration,^[@ref29]−[@ref33]^ buffer pH,^[@ref28],[@ref32]^ ssDNA sequence,^[@ref17],[@ref27],[@ref32]−[@ref34]^ and nanoparticle size^[@ref18],[@ref35]^ on the kinetics of functionalization. These studies monitored the progress of the functionalization by probing the fluorescence of labeled ssDNA^[@ref16]−[@ref18],[@ref28],[@ref32],[@ref33]^ or the shift of the plasmon resonance^[@ref36]^ on ensembles of nanoparticles. Particle-to-particle differences remain hidden in such ensemble studies because they are averaged out. However, such particle-to-particle heterogeneity can have a profound influence in applications of the particles e.g. as biosensors because the sensor response may differ between individual particles.

Here we employ single-particle spectroscopy to study ssDNA functionalization by probing shifts of the plasmon resonance of individual gold nanorods over time. Probing plasmon shifts on hundreds of individual particles simultaneously in a wide-field optical microscope gives access to heterogeneity that has remained hidden in previous studies. We indeed find strong particle-to-particle variations in the end-point plasmon shift, which we attribute to the distribution of particle sizes present in any preparation of nanoparticles and to the variation in nanoparticle coverage with ssDNA. Surprisingly, we find unexpectedly large particle-to-particle variations in the rate constant for ssDNA binding, even under identical chemical conditions. We propose that this heterogeneity originates from particle-to-particle differences in surface charge density. The heterogeneity we find should be taken into account when optimizing particle coating protocols and indicates that statistical analysis of single-particle response is crucial.

The collective oscillation of conduction electrons, the so-called plasmon, induces wavelength-dependent light absorption and scattering and generates an enhanced local field in close vicinity of the nanoparticle. The frequency of the plasmon resonance depends not only on the size, shape, and material of the particle but also on the refractive index around the particle. The magnitude of plasmon shift depends on the strength of the interaction between the particle plasmon and a nearby molecule and scales with the contrast of refractive index between the molecule and the immersion medium and the local electric field intensity integrated over the molecule that binds. Therefore, plasmonic nanoparticles enable detection of ssDNA binding to the surface of the particle by probing time-dependent plasmon resonance shifts.

To probe these plasmon shifts, we immobilized the gold nanorods on a glass coverslip which was embedded into a flow cell that was mounted in a wide-field optical microscope. A simplified scheme of our dark-field imaging setup can be found in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. For spectroscopic measurements we illuminated the sample with a white-light source, and spectra of individual particles were recorded by wide-field hyperspectral microscopy (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b04027/suppl_file/la7b04027_si_001.pdf)). For time-dependent measurements we used a narrowband superluminescent diode (SLD) for illumination. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b then shows the field of view of a typical sample, where diffraction-limited spots represent either single nanorods or sometimes clusters of particles. Each spot exhibits a different scattered intensity caused by heterogeneity in particle volume and aspect ratio and by a different orientation of each particle in the partly polarized evanescent field. We are interested in single nanoparticles of which spectra are characterized by a single Lorentzian lineshape and a well-defined linewidth ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). Clusters can be distinguished from single nanorods based on their non-Lorentzian spectral profile and broadened linewidth and are discarded from further analysis (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b04027/suppl_file/la7b04027_si_001.pdf)).

![(a) Scheme of experimental setup: a coverslip with immobilized gold nanorods is mounted in a flow cell. Using prism-coupled total-internal reflection microscopy, the scattered light from the nanorods is collected by a water immersive objective and recorded onto an EMCCD camera. (b) A typical field of view; each diffraction-limited spot represents a single nanorod or sometimes a cluster. (c) A few typical examples of spectra of single nanorods measured by hyperspectral microscopy. The inset shows the distribution of measured plasmon linewidths of 110 ± 40 meV.](la-2017-04027y_0001){#fig1}

Results: End-Point Plasmon Shifts {#sec2}
=================================

We measured plasmon shifts of single particles in response to binding of thiolated ssDNA (50 nucleotides) as a function of pH for pH = 1.7, 3, 5, 7, and 9 and two different concentrations of additional NaCl of 0 and 1 M added to the citric acid buffer. We used incubation times of 1 h for pH 1.7 and 3 and 3 h for pH 5, 7, and 9. Spectra of individual particles and their corresponding plasmon shifts were recorded in the same buffer before and after ssDNA functionalization. In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a we show two measured distributions of plasmon shifts for pH 1.7 and 5, and [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b summarizes the obtained plasmon shifts as a function of buffer pH for two added NaCl concentrations.

![(a) Two histograms of the single-particle plasmon shifts measured in a citric acid buffer at pH 1.7 and 5 with 1 M of additional NaCl. (b) Behavior as a function of pH. The points and error bars correspond to the mean and the standard deviation of the measured distribution, respectively.](la-2017-04027y_0002){#fig2}

We observe that for pH 5, 7, and 9 for both added NaCl concentrations the plasmon peaks show only small shifts (ΔSP \< 5 nm) even after 3 h of ssDNA incubation. This suggests that the ssDNA binding is inefficient under these conditions resulting in a low coverage and therefore small plasmon shifts. At reduced pH we observe significantly larger plasmon shifts up to ΔSP = 15.5 ± 2.7 nm for pH 1.7 in combination with 1 M added NaCl.

The observed behavior can be explained by considering the effective charges of ssDNA and gold nanorods and their modulation as a function of buffer pH. The citrate present in the citric acid buffer coats the surface of the gold nanoparticles^[@ref37]^ with an estimated average surface coverage of approximately 45%^[@ref37]^ and provides the particles with a negative zeta-potential.^[@ref38]^ The acid dissociation constants of citrate are p*K*~a~ = 3.14, 4.77, and 6.40,^[@ref39]^ implying that the citrate becomes protonated in the lower pH range we employ. The ssDNA, on the other hand, consists of a sugar--phosphate backbone (p*K*~a~ ≈ 1.4^[@ref40]^) and bases: adenine (A) with p*K*~a~ ≈ 4.1, cytosine (C) with p*K*~a~ ≈ 4.4, guanine (G) with p*K*~a~ ≈ 3.2, and thymine (T) with p*K*~a~ ≈ 9.9.^[@ref41]^ The negative charge on ssDNA is mainly determined by its sugar--phosphate backbone which is deprotonated in the whole range of used pH. In the lower pH range the backbone is partially protonated decreasing the effective charge of ssDNA.

These considerations imply an improved efficiency of ssDNA coating at low pH due to reduced electrostatic repulsion between the citrate-coated nanoparticles and ssDNA. However, even weak repulsion between solution-phase and surface-bound ssDNA will reduce the maximum achievable surface density. This intermolecular electrostatic repulsion can be partly alleviated further by adding 1 M of NaCl into the citric acid buffer, resulting in a Debye length of 0.30 nm. This is confirmed in the data, where we consistently observe larger plasmon shifts when 1 M salt is added. The ionic strength and corresponding Debye length as functions of pH are given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b04027/suppl_file/la7b04027_si_001.pdf) (Figure S2). This modulation of the mean ssDNA coverage due to reduced electrostatic repulsion is in agreement with previously published ensemble-averaged results.^[@ref28]−[@ref33]^

In addition to the mean plasmon shift, single-particle spectroscopy yields the width of the distribution caused by heterogeneities. Histograms in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a show the full distribution of plasmon shifts measured for all particles in the field of view for pH 5 and pH 1.7. In both cases we observe a broad distribution of end-point plasmon shifts which can be caused by several mechanisms: (I) the dispersion of aspect ratios present in any preparation of gold nanorods,^[@ref42]^ (II) the dispersion of particle volumes present in the sample, or (III) particle-to-particle variations in the ssDNA coverage.

We first explore mechanism I---the dispersion of aspect ratios present in our sample of nanorods. In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, we show the correlation between the measured plasmon wavelength and the corresponding plasmon shift induced by binding of ssDNA at pH 1.7. We find a positive correlation between the aspect ratio and the plasmon shift, suggesting a higher sensitivity to local refractive index for longer particles. This increase in sensitivity for increasing aspect ratios has indeed been predicted in the electrostatic approximation^[@ref43]^ and was verified by comparison to numerical simulations.^[@ref44]^ The difference in sensitivity we find between short and long aspect ratios is in good agreement with calculations using a core--shell Mie-Gans model^[@ref45]^ (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b04027/suppl_file/la7b04027_si_001.pdf)).

![(a) Functionalization-induced plasmon shifts of individual nanoparticles as a function of plasmon wavelength of individual nanorods. Data shown in this figure were recorded for buffer pH = 1.7 and 1 M of addition NaCl. The black solid line represent linear fit to data resulting in *R*^2^ = 0.517. (b) Histograms of the end-point plasmon shift for the subpopulation of individual nanoparticles falling in a plasmon wavelength range of 750--800 nm (cyan) characterized by a variance of 5.2 nm^2^ and calculated plasmon shifts using a core--shell Mie--Gans model^[@ref45]^ for the same subpopulation of representative particles whose sizes were extracted from TEM images characterized by a variance of only 0.9 nm^2^.](la-2017-04027y_0003){#fig3}

Although we observe a correlation between aspect ratio and end-point plasmon shift in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, there is still significant spread in the observed shifts. For particles with a plasmon resonance between 750 and 800 nm this residual heterogeneity is characterized by its variance σ~tot~^2^ = 5.2 nm^2^ (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). By a direct measurement of the refractive index sensitivity, we confirm that the additional spread in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} is not caused by a distribution of bulk-refractive index sensitivities due to e.g. differences in distance and orientation of the particles on the substrate (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b04027/suppl_file/la7b04027_si_001.pdf)). This variance could therefore be due to the above-mentioned mechanisms II and III, i.e., the distribution of particle volumes present in the sample (σ~vol~^2^), or due to particle-to-particle variations in the ssDNA coverage (σ~cov~^2^). Assuming all variables are normally distributed the total variance is then given byWe first estimate σ~vol~^2^ by calculating the expected distribution of plasmon shifts using a core--shell Mie--Gans model^[@ref45]^ (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b04027/suppl_file/la7b04027_si_001.pdf)). From TEM images we find that our nanorod sample contains particles with a length of 69 ± 7 nm and a width of 19 ± 3 nm (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b04027/suppl_file/la7b04027_si_001.pdf) for the analysis of the TEM images), leading to a distribution of volumes of (1.9 ± 0.6) × 10^4^ nm^3^. Differences in particle volume lead to differences in end-point plasmon shift because the near-field decays on longer length scales for bigger particles.^[@ref46]^ This reduces the overlap between the ssDNA coating and the near-field of the particle, resulting in smaller shifts for larger particle volumes. We used the core--shell Mie--Gans model to estimate σ~vol~^2^ for a representative subpopulation of particles (dimensions extracted from TEM images) with a calculated plasmon wavelength between 750 and 800 nm. By considering only a subpopulation of nanoparticles and by calculating their expected plasmon shift using core--shell Mie--Gans theory, we disentangle the effect of the nanorod's shape and size dispersion on the reported plasmon shifts. We find a minor contribution of σ~vol~^2^ = 0.9 nm^2^, which implies that the ssDNA coverage varies from particle to particle contributing σ~cov~^2^ = 4.3 nm^2^.

This suggests that the heterogeneity in end-point plasmon shift is dominated by particle-to-particle differences in the number of ssDNA strands. We decompose σ~cov~^2^ into two contributions, i.e., σ~cov~^2^ = σ~Pois~^2^ + σ~DNA~^2^, where σ~Pois~^2^ represents the lower limit expected for the variance in the number of ssDNA per particle due to Poisson statistics and σ~DNA~^2^ represents additional sources of heterogeneity. To estimate σ~Pois~^2^, we determine the number of ssDNA per particle based on previously published ssDNA densities on gold particles that reported a molecular footprint of ∼10 nm^2^.^[@ref35]^ Our particles exhibit an average surface area of 4000 nm^2^, resulting in an average of 400 ssDNA strands per particle at saturation. This translates to a small variance in end-point plasmon shift of σ~Pois~^2^ = 0.5 nm^2^ (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b04027/suppl_file/la7b04027_si_001.pdf)), demonstrating that the mean source of heterogeneity is due to particle-to-particle variations in the average ssDNA coverage. The corresponding variance σ~DNA~^2^ = 3.7 nm^2^ represents a coefficient of variation CV = 10%, implying that number of ssDNA strands per particle varies by ∼10%. Note that the above discussion assumes that particle-to-particle variations in DNA conformation are negligible, which is reasonable because we average over ∼400 strands per particle.

Results: Kinetics {#sec3}
=================

To further understand the functionalization process, we now focus on the kinetics of the ssDNA binding. Dynamic plasmon shifts of individual particles were probed using a narrowband SLD, generating a time-dependent scattered intensity that depends on the plasmon wavelength relative to the wavelength of the SLD probe. This dependence is highlighted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, where we show several timetraces corresponding to individual gold nanorods on the same sample. For particles with a plasmon wavelength shorter than the probe wavelength, the red-shift of the plasmon causes an increase in the scattered signal, whereas particles with a plasmon wavelength longer than the probe exhibit the opposite behavior. There is also a third regime where the plasmon wavelength is only slightly blue-shifted compared to the probe. In that case the scattered signal first increases, and as the plasmon crosses the SLD wavelength the signal decreases again (magenta line in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). The overall change in scattered intensity after functionalization with ssDNA is summarized in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, where we observe the aforementioned wavelength dependence.

![(a) Timetraces of scattered intensity normalized to the intitial value for seven individual nanorods. At *t* = 0 s, ssDNA (1 μM in pH 1.7 citric acid buffer with 1 M of additional NaCl) is injected into the flow cell using a syringe pump at a flow rate of 100 μL/min for 3 min. The sign of the intensity change depends on the plasmon wavelength relative to the wavelength of the SLD probe (793 nm). (b) Correlation between the plasmon wavelength measured by hyperspectral microscopy and the observed contrast (*I*~final~ -- *I*~initial~), where *I*~final~ was measured 1 h after injection of ssDNA. The vertical dashed line indicates the SLD's center wavelength.](la-2017-04027y_0004){#fig4}

We performed measurements of dynamic plasmon shifts of single particles in response to binding of ssDNA at pH 1.7, 3, and 5, and for 0 and 1 M additional NaCl added to the citric acid buffer. To extract kinetic parameters from timetraces, we first fitted the data using a single exponential. However, this resulted in a poor fit (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b04027/suppl_file/la7b04027_si_001.pdf)), suggesting that the binding process cannot be described by simple Langmuir kinetics. Although a multiexponential fit results in better fitting due to the increased number of fitting parameters, it does not represent the underlying mechanism properly because it discretizes the distribution of rate constants. A better representation is given by a continuous distribution of rate constants *k*.

Since we expect rate constants bound to the region 0 ≤ *k* ≤ ∞, of the possible rate constant distributions the Gamma distribution possess a properly defined statistical mean and variance,^[@ref47]^ is a generalization of the conventionally used stretched exponential distribution,^[@ref48]^ and yields an analytical equation that can be used to fit the timetraces. The probability density function (pdf) of the Gamma distribution *p*(*k*) is given by^[@ref49]^where α and θ are the shape and the scale parameter of the Gamma distribution (α, θ \> 0), and Γ(*z*) is the Gamma function. The shape and the scale parameters are related to the mean and the standard deviation of the Γ distribution by ⟨*k*⟩ = αθ and , respectively. For the specific case of a Gamma distribution of exponentials the overall signal decay *I*~decay~ can be expressed in a relatively simple form^[@ref49]^ containing only two parameters α and θ:However, the time-dependent shift of the plasmon center wavelength is in our measurements probed using the (narrowband) SLD. Therefore, to simulate the measured timetrace, we approximate the nanorods longitudinal plasmon by a single Lorentzian and its shift over time is given by the Gamma distribution of rates. The energy of the plasmon *E*~SP~ (in eV) as a function of time is then given bywhere Δ*E* = *E*~0f~ -- *E*~0i~, with *E*~0i~ the (measured) initial plasmon energy (in eV) and *E*~0f~ the plasmon energy at *t* → ∞. [Equation [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} is then used as the center energy of a Lorentzian curve that represents the scattering spectrum, which is evaluated at the probe wavelength and normalized to the initial value at *t* = 0. This yields a model for the normalized intensity scattered by the particle at the wavelength of the SLD probe, given bywith *E*~probe~ = 1.58 eV (= 793 nm) the probe energy and Γ~0i~ the (measured) initial plasmon linewidth. We find that this model yields a very high fitting accuracy (mean *R*^2^ = 0.97 ± 0.08; see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b04027/suppl_file/la7b04027_si_001.pdf)) with only three fitting parameters.

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows two typical examples of timetraces at pH 1.7 and pH 5, fitted with [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}. At pH 1.7 we find mean rate constants that are orders of magnitude faster than at pH 5, in line with previous ensemble studies.^[@ref16],[@ref17],[@ref28]^ However, for all particles studied we find a broad Gamma distribution of rate constants given by the corresponding Gamma probability density functions plotted in the inset. The broad distribution of rate constants for each particle is observed under all pH and salt conditions and is attributed to ssDNA crowding on the surface of the particle. This causes a gradual decrease in rate constant as the reaction progresses due to the onset of steric hindrance, hydrophobic effects, and electrostatic repulsion.^[@ref33]^

![Gamma distribution fits ([eqs [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} and [5](#eq5){ref-type="disp-formula"}) to recorded timetraces on a logarithmic scale for two individual single nanorods. The accuracy of the fits is evaluated by the coefficient of determination (*R*^2^). The clear differences in kinetics for different pH conditions are observed. In the inset the corresponding Gamma probability density functions are shown together with the mean kinetic rates. We report broad Gamma distributions of rate constants for both nanoparticles arising from ssDNA crowding on nanorod surfaces as the functionalization proceeds.](la-2017-04027y_0005){#fig5}

Although the Gamma distribution fits indicate that the binding rate reduces over time, they do not allow for easy comparison between different conditions because they require accurate fitting at long times to recover the low rate constants. This is especially challenging at pH \> 5, where signals are low and the time to saturation is on the order of hours. We therefore turn to the initial rate constant at *t* = 0 s, where these effects do not play a role. This initial regime is characterized by a plasmon energy that shifts linearly in time, given bywhere *k*~0~ is the initial rate constant.

We fitted the timetraces of individual particles with [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}, with *E*~SP~(*t*) given by [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}. A few examples of these fits are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a. We observe that ssDNA binding starts at the exact same time for all probed nanoparticles; however, the extracted initial rate constants differ significantly from particle-to-particle, even if the chemical conditions are identical. We show a histogram of the distribution of *k*~0~ in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b for buffer pH of 1.7 with 1 M of additional NaCl. Surprisingly, we find values for *k*~0~ that vary by nearly an order of magnitude from particle to particle.

![(a) Three examples of timetraces with corresponding fits [eqs [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} and [6](#eq6){ref-type="disp-formula"} for individual single gold nanorods on the same sample. Even with identical chemical conditions we find heterogeneous kinetics varying from particle to particle as shown by the extracted *k*~0~. (b) Histograms of fitted *k*~0~ for pH 1.7 with 1 M of additional NaCl consisting of 171 individual nanoparticles characterized by a variance of 25 × 10^--9^ s^--2^ and calculated initial rates using core--shell Mie--Gans model ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b04027/suppl_file/la7b04027_si_001.pdf)) whose sizes were extracted from TEM images (215 particles) characterized by a variance of only 0.8 × 10^--9^ s^--2^.](la-2017-04027y_0006){#fig6}

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows the mean and standard deviation of these log-normal distributions as a function of pH for 1 M of additional NaCl (results with 0 M of additional NaCl show a similar trend; see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b04027/suppl_file/la7b04027_si_001.pdf)). In line with earlier ensemble studies^[@ref16]−[@ref18],[@ref27],[@ref28]^ we find that the mean rate constant depends strongly on pH due to the aforementioned modulation of electrostatic forces. We also determined the dependence of the initial rate on ssDNA concentration. These measurements were performed at a buffer pH of 1.7 with 1 M of additional NaCl; the distributions of *k*~0~ are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b. We fitted the concentration series with a power law obtaining an exponent of 1.03 ± 0.17, confirming that the functionalization is a first-order reaction.

![Initial binding rates *k*~0~ as a function of (a) buffer pH and (b) ssDNA concentration. The data points indicate the mean and standard deviations of the distributions extracted from the single-particle timetraces. The insets show the CV of the distribution *k*~0~.](la-2017-04027y_0007){#fig7}

In contrast to ensemble-averaged studies, we also gain insight into the heterogeneity of the process. We find that *k*~0~ exhibits a similar heterogeneity independent of pH, ionic strength, and ssDNA concentration (see insets in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). The origin of the heterogeneity in *k*~0~ could be twofold: (a) the size dispersion in our sample leading to different sensitivities to refractive index changes and (b) particle-to-particle variations in the energy barriers for ssDNA binding leading to a broadened distribution of *k*~0~. In terms of variances of distributions we can therefore writewhere σ~tot~^2^ represents the total (measured) variance *k*~0~, σ~pcle~^2^ represents the heterogeneity caused by the distribution in particle sizes, and σ~bar~^2^ represents the contribution from a distribution of energy barriers.

We now explore mechanism a---the dispersion of particle sizes present in our sample of nanorods. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, a nanoparticle's sensitivity to local refractive index depends on its aspect ratio,^[@ref43],[@ref44]^ possibly resulting in a distribution of *k*~0~ even if the ssDNA binds at the same rate. We employ a core--shell Mie--Gans model to estimate the distribution of *k*~0~ caused purely by the dispersion of particle sizes and thus disentangle this effect from the *heterogeneity caused by differences in molecular binding rate*. As before, we used a set (*n* = 215) of representative particles whose sizes were extracted from TEM images. Although this model does not yield absolute values for *k*~0~, we do obtain its statistic by incrementally increasing the refractive index of the shell for the differently sized core particles. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b shows the histogram of initial rates for pH 1.7; here the distribution of *k*~0~ due to the particle size distribution (mangenta histogram) exhibits a variance of σ~pcle~^2^ = 0.8 × 10^--9^ s^--2^ compared to the total (measured) variance σ~tot~^2^ = 25 × 10^--9^ s^--2^. These variances corrrespond to CV~pcle~ = 8% due to the particle-size distribution compared to the measured CV~tot~ = 35%. Therefore, the size dispersion is not the dominant factor determining the broad distribution of *k*~0~.

The residual heterogeneity contributes a variance σ~bar~^2^ = 24.2 × 10^--9^ s^--2^. We observe similar residual heterogeneity for all chemical conditions and ssDNA concentrations (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b04027/suppl_file/la7b04027_si_001.pdf)). We therefore attribute this additional spread to mechanism b---particle-to-particle variations in the surface charge density. The rate at which ssDNA adsorbs on the particle surface depends on the activation energy *E*~g~ that has to be overcome by a ssDNA molecule approaching the particle. Only when the ssDNA molecule has passed the energy barrier it can adsorb on the gold surface, rearrange, and induce thiol binding. The reaction rate *k* is then related to *E*~g~ by the Arrhenius equation, given by^[@ref50]^where *A* is the attempt frequency, *k*~b~ is Boltzmann's constant, and *T* is temperature. On the basis of the strong pH and salt dependence, we find for *k*~0~ we infer that *E*~g~ is dominated by attractive van der Waals forces and repulsive electrostatic forces, as was concluded before from ensemble studies.^[@ref16],[@ref28]^ The electrostatic interaction depends on the charge distributions on the particle and on the ssDNA and on the salt-dependent Debye length. Given that our kinetic traces average over a large number of ssDNA, the particle-to-particle differences we observe cannot be caused by heterogeneities in the ssDNA.

However, the charge density on the nanoparticle is determined by the density and organization of capping ligands and associated ions on the exposed nanoparticle facets. Interestingly, recent single-particle zeta-potential measurements^[@ref51],[@ref52]^ have indeed revealed particle-to-particle differences in zeta-potential for citrate-capped gold particles. Zeta-potential distributions were measured by single-particle electrophoresis through a metallic nanopore, where the transit time depends on the particle's size and surface charge.^[@ref51]^ Particle-to-particle differences in zeta-potential of several tens of percent were found and were attributed to varying organization and density of citrate on the particle surface.^[@ref51]^ We therefore propose that this heterogeneity in charge density is the underlying cause of the strong heterogeneity in *k*~0~ that we observe. Indeed, the exponential dependence of *k* on *E*~g~ implies that particle-to-particle variations in surface-charge density of approximately 25% results in a distribution of *k*~0~ as in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b. There are no methods currently available to measure the zeta-potential and *k*~0~ on one-and-the-same particle, which is needed to shed light on the detailed mechanisms causing heterogeneity in the kinetics of functionalization.

Conclusion {#sec4}
==========

Our results suggest that final ssDNA density on the particle surface varies by ∼10% from particle-to-particle beyond the expected variations due to the Poisson distributed total number of ssDNA strands. The functionalization process itself is unexpectedly heterogeneous, and we found rate constants that varied by almost an order of magnitude from particle to particle. This strong heterogeneity could not be explained by the particle size dispersion alone. Instead, we attribute the dominant origin of the kinetic heterogeneity to variations in the effective charge on the particle surface due to variations in the capping ligand (citrate) organization and density. These findings will have implications in the use of hybrid nanoparticles for crystallization studies,^[@ref25]^ biosensors,^[@ref23]^ and targeted therapeutics.^[@ref53]^ In these studies functionality of the particle is largely determined by the number of functional groups on the particle surface. Further studies will shed light on the effect of the size, charge, and hydrophobicity of the capping ligand and the functional probe on the heterogeneity.

Methods {#sec5}
=======

Gold nanorods were purchased from NanoSeedz, and their dimensions were subsequently measured using TEM giving an average width of 19 ± 3 nm and an average length of 69 ± 7 nm (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b04027/suppl_file/la7b04027_si_001.pdf)). To firmly immobilize gold nanorods, they were spin-coated onto coverslips thiolated with 3-mercaptopropyltrimethoxysilane (MPTMS, Sigma-Aldrich). The density of particles on the coverslips was controlled by the concentration during spin-coating to yield 300--400 particles in the 130 × 130 μm^2^ field of view of the microscope. Prior to ssDNA functionalization, the sample was rinsed with methanol, ethanol, 1 M NaCl, PBS, and Milli-Q water to remove loosely attached particles and residual cetyltrimethylammonium bromide (CTAB) surfactant. All experiments were executed inside the flow cell (Warner Instruments) which was placed into an inverted microscope (Nikon Eclipse T*i*). The sample was equilibrated in a citric acid buffer, resulting in citrate-coated gold nanorods.

The microscope was equipped with a water immersion objective (Nikon Plan Apo 60x VC) with a numerical aperture of 1.15 and a magnification of 60×. The illumination of the sample was done using prism-coupled total internal reflection, giving nearly background free images.^[@ref3]^ The light scattered by the nanorods was imaged on an EMCCD camera (Andor Ixon+ 885) enabling us to perform wide-field measurements on many individual particles simultaneously.

For spectroscopic measurements we illuminated the sample with a laser-driven xenon white-light source (Energetiq). Spectra of individual particles were recorded by hyperspectral microscopy in which a series of bandpass filters was inserted in the detection path of the microscope, and a wide-field image was recorded for each filter. Typical acquisition parameters of the EMCCD were an integration time of 500 ms and an EM gain of 5. The scattered intensity at each wavelength was determined by fitting the diffraction-limited spots to a two-dimensional Gaussian and was corrected for the spectral response of the setup (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b04027/suppl_file/la7b04027_si_001.pdf)). The single nanorods were distinguished from clusters based on a Lorentzian lineshape with a linewidth of 110 ± 40 meV (see inset of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). For time-dependent measurements we used a single-mode fiber-coupled SLD (Superlum) with a center wavelength λ~probe~ = 793 nm and a maximum output power of 35 mW. The kinetic experiments were typically acquired using 100 ms integration time and an EM gain of 0. To keep the sample in focus for extended periods of time during kinetic measurement, an autofocus system was used.

As an analyte we used ssDNA of 50 nucleotides modified with a thiol at the 5′ prime end (thiol-5′-TAG ACA GTT TCA TCG GTG ACA AGA TCC ATA CGC TTC CAA TAC GCT ATC AG-3′) purchased from Eurogentech. Unless stated otherwise, the concentration of ssDNA was 1 μM in citric acid buffer with a strength of 100 mM and a pH in the range of 1.7--9. Moreover, the analyte solution contained 1 mM of tris(2-carboxyethyl)phosphine hydrochloride (TCEP) purchased from Sigma-Aldrich to anneal disulfide bridges. The solution was introduced in the flow cell using a syringe pump, and subsequently the plasmon shift of individual particles was monitored. All experiments were performed at room temperature.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.langmuir.7b04027](http://pubs.acs.org/doi/abs/10.1021/acs.langmuir.7b04027).Figures S1--S8 and Tables S1--S3 ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b04027/suppl_file/la7b04027_si_001.pdf))

Supplementary Material
======================

###### 

la7b04027_si_001.pdf

The authors declare no competing financial interest.

The authors thank M. W. J. Prins for proofreading of the manuscript and L. Hesse for work on the core--shell Mie--Gans model. P.Z. and R.E.A. acknowledge financial support from The Netherlands Organisation for Scientific Research (NWO VIDI). This work is part of the research programme of the Foundation for Fundamental Research on Matter (FOM), which is financially supported by The Netherlands Organisation for Scientific Research (NWO).
